Designing a high-frequency power transformer is a complicated task due to its multiple interrelation design procedures, large number of variables, and other relevant factors. Traditional transformer design relies on manual paper work and personal experience, which requires engineering design man-hours and long delivery cycles. In this paper, a developed transformer computer design environment is addressed. It helps engineers to automatically model, simulate, and optimize transformer design using an artificial neural network algorithm and the finite-element method, and delivers a reliable design result. Utilizing the proposed platform, an 8 kW coaxial transformer is successfully designed, tested, and manufactured.
I. INTRODUCTION
T HE traditional design methodology of a high-frequency (HF) transformer is rarely achieved from scratch. In most cases, the transformer design procedure starts from adaption, or modification of an existing and proven transformer model. The design of an actual new transformer is time-consuming and expensive. To shorten the development cycle and increase product performance, there is now an increasing demand for a software platform to assist engineers in transformer design.
In past literatures, an artificial neural network (ANN) was employed in the low-frequency transformer design area. For most cases, the ANN was only used to detect and analyze the transformer's faults [1] - [3] or predict its performance [4] , [5] . In addition, the decision trees method, along with ANNs, could easily solve the winding material selection problem [6] - [9] . However, once the operating frequency of magnetics rises to HF, traditional methods are no longer reliable due to the accompanying HF effects. For this reason, numerical techniques are applied to deal with HF problems. Among these numerical techniques, the finite-element method (FEM) is very popular and evidence of its effectiveness is seen in many publications [6] - [8] .
In this paper, a new integrated transformer computer design environment is presented using an accumulated transformer database and an ANN to automatically design and optimize a HF transformer structure. In addition, the FEM solver is implemented to solve the numerical problem. To validate and demonstrate the effectiveness of the introduced design platform, an 8 kW HF coaxial transformer (HFCT) and highpower density coaxial transformer has been used as a case study example throughout this paper. The transformer has an operating frequency range of 100-300 kHz, and can easily scaled for power rating range between 1 and 20 kW due to its symmetrical winding structures [10] . 
where (1) describes the relationship of root mean square voltage with supplied frequency f , winding turns N, magnetic field density B, cross-sectional area A core of the transformer core, and constant K a ; where for square wave supply, K a = 4, sine wave supply, K a = 4.44. The traditional method on magnetic design is relatively simple and reliable, especially for low-frequency magnetics. However, the magnetics issue at HF becomes a bottleneck of the traditional method at high frequencies. Other than that, the repeated and redundant calculation process is another concern. The success of traditional methods on magnetic design, therefore, depends largely on the experience of engineers.
B. ANN Concept and Methodology
An ANN has many benefits compared with the human brain. It is nearly one million times faster in terms of computing speed, it can process in parallel and provide interconnection storage. Moreover, it has a good control mechanism with high fault tolerance. Equation (2) shows a McCulloch-Pitts model [11] 
where θ is the neuron's activation threshold, w i j x i is the input. By training the ANN, it can learn the potential relationship between selected input/output parameters. Thus, the ANN can assist engineers in determination of magnetic circuit design, material selection, and even structural design.
0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 
C. Numerical Computation of Magnetic Field
To evaluate the transformer's performance, FEM-based electromagnetic packages can be used to conduct the analysis. The FEM solver has demonstrated its effectiveness in many research publications. To analyze the eddy current and magnetic fields of the HF magnetics, the detailed magnetic field properties for the HF magnetics were used to facilitate the design of a low loss winding and high efficiency structure. The nonlinear magnetic field problem of HF transformer can be solved by FEM either in frequency domain or time-domain dependent on their accuracy and convergence rate of solution. The energy function is generalized from linear techniques, and the equations are described in terms of the complex magnetic vector potential A and an electrical complex scalar potential ϕ as
where J s is the current density, ν is the magnetic reluctivity, and σ is the conductivity. It is difficult to solve the eddy-current problem mathematically with accurate results. However, problem can be solved numerically using Galerkin's method to discretize the governing equation the FEM matrix (4) in the frequency domain can be obtained as
where G is the weighted residual. Matrix [S] is the global coefficient matrix and [M] is the time harmonic matrix.
[K ] is the current density related matrix.
III. IMPLEMENTATION OF AN ANN IN A DESIGN PLATFORM A. Integrated Design Platform Structure
The integrated design system follows the procedures, as shown in Fig. 1 . It contains magnetic circuit design, structure design, and FEM simulation. To simplify the design procedure, the platform only requires engineers to input several key parameters, such as transformer power, voltage, desired working frequency, and the number of magnetic ring cores. After the engineer enters design parameters, the platform will calculate the magnetic circuit, communicate with the material database and select one material which is according to the working frequency. The litz wire structure database provides information on the winding design procedure by considering the power loss and core window size.
To communicate with FEM solver, MATLAB Application Programming Interface (API) can generate a structure matrix and pass it to the FEM solver. The FEM solver provides the simulation results to help with the analysis of the eddy current and magnetic flux.
The ANN in the platform is used to provide suggestion selected result to the user, such as material selection and winding structure associated with the transformer size. It is used to assist engineer designing the coaxial transformer.
B. ANN With System Diagram
Based on the ANN black box concept [5] , the ANN system diagram is shown in Fig. 2 . The ANN algorithm in this paper is under so-called supervised training methodology. The network gains the data from the database and determines the corresponding target Z . The engineer engages the design process as supervisor and provides target result ZT based on the FEM solver result. The differences iteratively between Z and ZT can be reduced by evaluating the ZT and adjusting the weights. In this platform, between each design procedure, the ANN engages the design and provides the selection result to the engineer.
C. Winding Structure Database
There are often several different wiring configurations, which can be chosen. Some of these configurations may result with undesirable parameters while others may perform as expected. Solving through the different configurations to find the optimum may be very time-consuming and complex, thus this software has been introduced. The software is capable of quickly and accurately simulate and select the most sufficient configuration according to the requirements and ANN results. As an example, generalized power losses versus the wire numbers is shown in Fig. 3 , in which the upper limit of wire numbers is subject to the available transformer core window area.
IV. IMPLEMENTATION OF 8 kW TRANSFORMER
The required power rating specification of the example HFCT is tabulated in Table I. The prototype transformer was built with the turn ratio of 1:1 for use as the isolation transformer. The unique coaxial winding structure can easily fulfill the HF transformer requirements of low eddycurrent loss, high-power density, low leakage inductance, and high electromagnetic compatibility. An operating frequency of between 100 and 300 kHz was chosen because of concerns on the overall size and the electromagnetic interference issue. A higher operating frequency effectively reduces the magnetizing current and size of the designed transformer. However, an increase in the operating frequency results in a higher ac winding loss, as well as the HF noise propagation problem. Furthermore, the prototype HFCT has power efficiency >99%, which has been experimentally verified under full-load conditions.
A. Structure Design Based on the Conventional Method
The platform can list several different structure design results based on the working frequency, turns, and the size of the ring core magnetic cross area. The engineer can obtain and compare different designs, then select a desired structure based on the requirements, as shown in Fig. 4 . The figure gives a predicted results list for the transformer ring core structures. The ANN in this step will be trained by obtaining the user selection.
B. Structure Optimization Based on an ANN
The litz wire structure is considered in this step to generate a winding structure. Due to the factors of working frequency and the number of litz wires, the power loss can be different. The platform has generated a database which contains handers of different litz wire structures with a comparison figure. Shown in Fig. 5 , a suggestion structure is selected from database by ANN.
C. Structure Modeling and Simulation of Magnetic Field
To simulate the HF transformer in an electromagnetic field, the platform first generates a coaxial transformer structure and allows the engineer to adjust the structure by changing the winding orientation and position, as shown in Fig. 6 .
In addition, to obtain FEM simulation results under different circumstances, conditions of open circuit (OC) or short circuit (SC) can be selected in the program. The platform will generate a matrix, which contains the ring core size, winding coordination, litz wire structure, and transformer working parameters. The matrix will be sent to FEM simulation software through communication API and rebuild the modeling file. The simulation result can be obtained by FEM simulation solver.
V. VALIDATION AND VERIFICATION
Example simulation results of the 8 kW HFCT are shown in Figs. 7 and 8. In Fig. 7 , the flux distribution helps engineers to verify the effectiveness of designed structure. Based on the simulation result, the insertion of the Faraday shield has only minor negative effect on the magnetic performance of the HFCT. This negative effect is almost negligible; this is because the magnetic field is almost perpendicular to the shield conductor surface as well as the thin copper shield minimizing the side effect for the shielding insertion. On the other hand, the eddy-current distribution simulation shown in Fig. 8 is very helpful on identifying the hot spots of the designed transformer, in that a heat sink can be fabricated to achieve better performance of heat dissipation. The simulation results shown in this paper are under the configuration of using the outer circular winding as the primary winding and the inner circular winding as its secondary winding.
Measurements of the prototype 8 kW HFCT is shown in Table II in which the result obtained requires a computation time of 3 h based on a personal laptop. In addition, there is a variation of 0.1 between the simulation and measurements of the R s . The difference can mainly be attributed to the termination effect that the imperfect soldering increases the R s of the transformer. L p and C p are almost identical in both simulations and measurements; while R p is not applicable due to the non-linear characteristic of the magnetic material. In short, the coupling capacitance has been reduced by 77.13% with the Faraday shield inserted while only increases minor power losses.
VI. CONCLUSION In this paper, an integrated HF transformer design platform is proposed and presented. It has been validated and proved by an 8 kW transformer design case study. The platform generates a coaxial transformer structure with a 21-litz wire winding structure. The FEM simulation results indicate the transformer has been well designed and match with the real measurement result.
